The present study tested the hypothesis that daily melatonin treatments influence the biological clock mechanism controlling the circadian melatonin rhythm. Adult male and female Djungarian hamsters in light:dark = 16L:8D (lights on 0300-1900 h) were administered melatonin subcutaneously (s.c.) each day (5 &mu;g/0.2 ml saline) in the morning at 1000 h (AM) or late afternoon at 1700 h (PM); controls received a vehicle injection (CON). After 14 days, pineal and serum melatonin concentrations were determined at various times on the last
day of treatment and the next day in constant darkness (no treatment). The rhythm in pineal gland melatonin content was similar in each of the three groups on the last day of treatment (about 6 h duration). On the next day in constant dark, the rising phase was advanced and duration extended by 2 h or more in melatonin-treated hamsters compared to that in CONs (ANOVA). In circulation, the melatonin rhythm in AM and PM groups was phase advanced (onset and peak) on both days of the study. Thus duration was extended by up to 4.5 h compared to that in saline-treated controls. Moreover, amplitude of the nighttime serum melatonin rise was elevated up to fivefold relative to that in the CON group (ANOVA and Accumulated Sums analysis). The effects of repeated melatonin treatments on amplitude and phase of the serum melatonin rhythm raise the possibility that the circadian clock that controls pineal gland production of melatonin may also regulate melatonin secretion. From this and another study, the apparent half-life of melatonin in circulation was estimated to be 7.5 min; the melatonin injection initially produced pharmacological concentrations that were followed by low serum melatonin levels within 2 h. Thus, in both melatonin treatment groups, the data suggest that two distinct periods of elevated serum melatonin were present each day The cellular mechanism for melatonin action must take into consideration how a brief interruption in elevated melatonin in circulation (about 1 h in the PM group) is recognized as a continuous duration (short daylength), whereas a more extended baseline period is transduced as an abbreviated or long daylength (about 7 h in the AM group). These data further suggest that the biological clock mechanism that generates the circadian melatonin rhythm is responsive to the influence of daily melatonin treatments and presumably to the feedback action of endogenous melatonin on its own rhythm in the Djungarian hamster in long days. JOURNAL OF BIOLOGICAL RHYTHMS, Vol. 11 No. 1, March @ 1996 Sage Publications, Inc.
INTRODUCTION
Pineal gland production of melatonin at night is a pronounced and well-characterized circadian rhythm that is entrained by the daily light:dark cycle. In a variety of seasonal breeding mammals, the melatonin rhythm mediates the effects of photoperiod as part of the neuroendocrine mechanism that controls reproductive activity (Bartness and Goldman, 1989; Reiter, 1991) . In other species, the melatonin rhythm is thought to synchronize a variety of physiological rhythms with the prevailing photoperiod Ducsay and Yellon, 1991) . These effects of light involve a neural projection from the retina to the suprachiasmatic nuclei (SCN) of the anterior hypothalamus (Moore and Klein, 1974; Bittman et al., 1991 ; Yellon et al., 1993) . The SCN is recognized as the principle circadian pacemaker that controls a variety of circadian rhythms, including that for melatonin, and appears to be a target for melatonin action. Melatoninspecific binding sites are found in the SCN, and their density may be regulated by melatonin (Duncan et al., 1989; Gauer et al., 1993; Weaver et al., 1993) . In the SCN, acute melatonin treatment enhances glucose utilization and protein synthesis (Cassone et al., 1988 , phase advances the peak in electrical activity in vitro (McArthur et al., 1991) , and induces expression of immediate early genes (Kildruff et al., 1992) . However, an acute injection of melatonin in adult Djungarian hamsters in long days, whether in the morning or afternoon, failed to significantly alter the circadian pattern of endogenous melatonin production by the pineal gland or its rhythm in circulation (Yellon and Hilliker, 1994) .
Rather than reject the concept that melatonin may influence the biological clock mechanism controlling the circadian melatonin rhythm, evidence suggests that specific clock-dependent responses require repetitive presentation of appropriately timed melatonin treatments. In the Djungarian hamster, gonadal regression or lengthening the duration of nocturnal locomotor activity requires repeated administration of melatonin for several weeks (Puchalski and Lynch, 1988) . In the rat, more than a week of daily melatonin injections are needed to entrain or reinstate circadian locomotor activity under constant photoperiodic conditions . By contrast, in the Syrian hamster, neither acute nor daily melatonin treatments influence entrainment of circadian wheel running activity in adulthood (Stetson et al., 1983; Hastings et al., 1992) . However, this lack of melatonin-responsiveness may be related to maturational age or the duration of treatment, because prenatal administration of melatonin can phase-set postweaning activity rhythms (Davis and Mannion, 1988) . Thus, in a variety of species, repeated melatonin treatments influence circadian rhythms and reflect the action of melatonin on biological timekeeping.
The endogenous melatonin rhythm is another clock-dependent rhythm that is suggested to be influenced by melatonin. In blind and sighted humans, repeated administration of melatonin entrains or phase-controls the onset of the nocturnal rise in endogenous melatonin in circulation (Sack et al., 1991; Lewy et al., 1992) . In the rat, melatonin treatments late in the light period phase advance the evening increase in pineal n-acetyl transferase activity (Humlova and Illnerova 1992) , the rate-limiting enzyme for melatonin production by the pineal gland (Klein and Moore, 1979) . Since circadian rhythms in pineal melatonin synthesis and locomotor activity are tightly coupled in rodents (Elliott and Tamarkin, 1994 ) and, as already described, most effects of melatonin on endogenous rhythms were demonstrated with repetitive treatments, it is possible that more than a single melatonin injection is needed to alter the clock mechanism that controls the circadian melatonin rhythm. Therefore, daily melatonin treatments were employed in the present study to reexamine the hypothesis that melatonin affects the mechanism controlling the circadian melatonin rhythm in the Djungarian hamster.
MATERIALS AND METHODS
Adult Djungarian hamsters (Phodopus sungorus sungorus, a.k.a. Siberian or Dwarf hamsters) were continuously provided with food and water and were in long days during gestation and after birth (16 h of full spectrum fluorescent light of about 300 lux: 0300-1900 h, PST). On the last day of the study, lights were not turned on and hamsters remained in constant dark; a dim red light was illuminated at night (< 3 lux). 6 Experiment 1: Effects of Daily Melatonin on the Circadian Melatonin Rhythm Adult male (n = 131) and female (n = 160) hamsters, 60 days or older, were proportionally and randomly distributed among the three groups described below. Controls (CON, n = 91) were maintained in the photoperiod described above (long days then constant dark on the final day) and were injected subcutaneously each day with 0.2 ml of saline at either 1000 h or 1700 h, PST-that is, 9 h or 2 h before lights off, respectively. To assess the effects of repeated melatonin treatments on the pattern of melatonin in the pineal gland and circulation, two groups of hamsters were administered 5 Jlg melatonin/0.2 ml saline subcutaneously (s.c.) each day at either 1000 h (AM; n = 99) or at 1700 h (PM; n = 101) for a total of 14 days. On the last day of melatonin or vehicle treatments in long days, animals were selected at random from each group (n = 3-5) and decapitated at 0.5to 3-h intervals. Other hamsters, similarly treated for the previous 14 days, remained in continuous darkness during the final day of the study (but without treatment). Animals were subsequently killed at various clock times to assess the effect of prior daily melatonin injections on the endogenous circadian melatonin rhythm. Blood was collected from the body trunk after decapitation. The pineal gland of each animal was removed from the cranial vault and immediately frozen (-70°C). At autopsy, visual inspection of the reproductive organs indicated that they were adult-sized in each of the three groups. The 14-day treatment period seemed sufficient to detect effects on the circadian system but did not induce reproductive regression in the PM group, mitigating a potential confound produced by an atrophic endocrine milieu in one but not all groups.
Blood was allowed to clot for 16-24 h at 8°C; serum was harvested and stored at -70°C.
Experiment 2: Clearance of Exogenous Melatonin
To determine the disappearance rate of melatonin from circulation, adult hamsters in long days were administered 5 Jlg melatonin/0.2 ml saline (s.c.) during the late afternoon (1600 h, 3 h before lights off). At various times after treatment, hamsters were selected at random and decapitated (n = 3-5 from each group).
Baseline melatonin was determined in an additional group of adults that were similarly handled but in-jected with saline (n = 5 individuals/time). Pineal glands and sera were obtained as described above.
Pineal and serum melatonin radioimmunoassay. As detailed previously (Yellon and Hilliker, 1994) , pineal glands were thawed and individually homogenized in 0.5 ml of 0.1 M Tricine buffer. Serum was extracted with 1 ml of glass-distilled chloroform (0.1 ml in Experiment 1; 0.001 and 0.005 ml in Experiment 2; American Burdick-Jackson & Co, American Hospital Supply Corp., Muskegon, MI). Fresh ultrapure polished water was used for all solutions (Millipore Corp., Bedford, MA). Melatonin was quantified in duplicate aliquots (0.1 ml of the supematent from pineal homogenate or 0.08 ml reconstituted serum) by a radioimmunoassay that has been validated for use in the Djungarian hamster (Horton et al., 1992; Yellon and Hilliker, 1994) .
For each group, pineal or serum samples were processed in a single assay. Assay sensitivity (2 standard deviations from buffer controls) was 0.9 pg/tube. Intra-and interassay coefficients of variation were 6.7% and 8%, respectively. Statistical analysis. After log-transformation to normalize variance, melatonin concentrations were compared over time and between treatments by ANOVA. Individual comparisons were then made with Duncan's multiple range test or Bonferroni's method for multiple comparisons; p < 0.05 was considered significant. By this analysis, the rise of the melatonin rhythm was defined as the first statistically significant and sustained increase in melatonin compared to the concentration on Day 1 before or at lights off-that is, 1800 or 1900 h = daytime baseline. The falling phase of the melatonin rhythm was defined as a sustained decline in mean concentration to 50% of peak or to daytime baseline. The difference in hours between the rise and fall in melatonin concentrations provided an estimate of duration.
The accumulated sums method of Maeda and Lincoln (1990) was also used to calculate the time of day for onset and offset of the circadian melatonin rhythm in constant dark. Onset and offset of the nighttime melatonin rhythm were defined, respectively, as the first and second major inflection points in the slope of the line generated by the accumulated sum of mean melatonin concentrations for each treatment group. Major inflection points were identified by the changes in slope and x-axis intercept of the straight lines fitted through the three main curves for each experimental group. The three fitted lines represent basal daytime Figure 1 . Melatonin rhythms in the pineal gland and circulation of controls on the last long day of saline treatment and the next day in constant dark (no treatment). Melatonin concentrations in the pineal gland (left panels) and serum (right panels) are plotted as the mean ± standard error (n = 3-5 hamsters) over time for hamsters injected each day with saline (0.2 ml s.c.) at either 0900 or 1600 h. Pineal melatonin content at 02:30 h on Day 1 and that in constant dark were off scale (> 6 and 7.5 ± 0.6 ng/gland, respectively). Where not shown, the standard errors are encompassed by the area of the symbol. Dashed line indicates the presumptive decline to daytime baseline. Asterisks indicate that the log melatonin concentration at that time point was significantly increased compared to the log daytime baseline at 1800 h (p < 0.05, ANOVA). Bar represents night (filled) or subjective day in constant dark (hatched area). melatonin production, the rise to peak, and the return to daytime baseline. Thus an estimate of duration of the nighttime melatonin rise was the time difference between onset and offset of the melatonin rhythm.
Clearance from circulation was estimated using an algorithm to determine the mono-exponential half-life of melatonin over the 3-h study period (Power et al., 1988 ).
RESULTS

Experiment 1
The Melatonin Rhythm in Controls (CON)
In saline-treated hamsters, the 24-h pattern of melatonin in the pineal gland and in circulation was similar on the last treatment day and during the next day in constant darkness (Fig. 1 ). Melatonin generally increased within 1-3 h after the beginning of darkness or the subjective dark period. Elevated melatonin concentrations were sustained for the duration of the night then declined to baseline within an hour of the anticipated onset of light. During both the daytime and subjective light period of the second day, melatonin averaged less than 0.1 ng/gland and 15 pg/ml serum. Peak melatonin always occurred in the latter portion of the night; levels increased as much as onehundred-fold in the pineal and up to fivefold in circu-lation, compared to daytime baseline concentrations (1 h before or at lights off).
Melatonin Effects on the Pineal Melatonin Rhythm Pineal gland production of melatonin was, in general, similar in hamsters administered melatonin compared to that in the CON group (Fig. 2 , left panels). Among the three groups, amplitudes of the nighttime rise were comparable (4 to 7.5 ng/gland); peak content occurred at 02:30 h on both days of the study Onset of the rhythm on the last day of treatment began at 2200 h when endogenous melatonin increased in each group. Although melatonin production remained elevated in CONs to 0400 h, levels returned to baseline in the AM and PM groups within 1 h of subjective lights on. Thus duration of the melatonin rise-that is, interval between the first significant increase and fall to baseline-was estimated to be 6 h or more for CONs (2200 h to > 0400 h), less than 6 h for the AM group (2200 h to < 0400 h), and less than 5 h for PM-treated hamsters (2200 h to < 0300 h).
On the next day during continuous darkness, a comparable pineal melatonin rhythm persisted in the CON group. Duration of the circadian rhythm in salinetreated hamsters was estimated to be greater than 3 h but less than 6 h, the statistically significant melatonin rise over baseline extended from 0100 h to 0400 h (ANOVA). For hamsters previously injected with melatonin each day, the endogenous increase in pineal Figure 2. Pineal and serum melatonin rhythms following daily melatonin administration on the last of 14 days of melatonin treatment in long days and during the next day in constant dark (no treatment). Data are the mean ± standard error (n = 3-5 individuals/time). Hamsters were given 5 ug melatonin/0.2 ml saline s.c. at either 1000 hours (AM) or 1700 hours (PM). After the 16-h light period (Day 1), lights were off from 1900 h and throughout Day 2 of the study; the stippled bar indicates the time of subjective lights on. Pineal rhythms were similar and repetitive except for the melatonin content at 2000 h on Day 2, which was significantly increased compared to that on Day 1 (both AM and PM groups; p < 0.05, ANOVA). Note scale change for serum melatonin concentrations compared to Fig.1 ; off-scale serum concentrations in the AM group on Day 1 at 1100 h and on Day 2 at 18:30 h were 945 ± 58 and 307 ± 96 pg/ml, respectively, and in the PM group at 1800 h on Day 1 was 712 ± 124 pg/ml. Asterisks indicate that at each time, the log melatonin concentration was significantly increased compared to the log daytime baseline, that is, 1800 h for the AM group or 1900 h for the PM treatment. A lower-case a indicates that at each time, the log serum melatonin concentrations were significantly different between melatonin-injected and saline-treated hamsters at the same clock time. Specific comparisons among groups by multiple range tests were on Day 1: PM > CON = AM at 1800 h; AM > PM = CON @ 1900 h and 2000 h; AM = PM > CON at 19:30 h and 2200 h; and on Day 2: AM > CON at 1800 h (missing PM group-too few data points); AM > CON = PM @ 18:30 h; AM = PM > CON @ 2000 h (44 h) and 03:30 h (51.5 h), PM > CON = AM @ 0300 h (51 h) and 0400 h (52 h). Bar represents night (filled) or subjective day in constant dark (hatched area). Experimental procedures and statistical methods are further detailed in Materials and Methods. melatonin content was advanced by 2 h or more because content at 2000 h on Day 2 was significantly greater than that in CONS or than that in both AM and PM groups on Day 1. Because offset of the pineal melatonin rhythm occurred by 0400 h in each of the three groups, the duration of the pineal melatonin rhythm was 8 h in the AM and PM groups, as much as 5 h longer duration than that in CONs on Day 2.
Melatonin Effects on the Melatonin Rhythm in Circulation
Melatonin concentrations were transiently increased by the melatonin injection (Fig. 2 , right panels). On the last day of treatment, supra-physiological concentrations of melatonin were produced by the AM and PM injection and maintained for more than 1 h.
In the PM group, the decline in serum melatonin from a mean of 712 pg/ml at 1800 h to 18 pg/ml at 1900 h is consistent with a half-life disappearance for melatonin from circulation of less than 10 min. By the onset of darkness, that is, 2 h after administration, serum melatonin concentrations in both groups were at baseline and indistinguishable from the daytime nadir in CONs (1800 h).
As for the effect of daily melatonin administration on the serum melatonin rhythm, the amplitude and duration of the nighttime rise were significantly enhanced compared to that in saline-treated hamsters. Although daytime and subjective day baselines in melatonin-injected groups were no greater than that in CONs, amplitude of the nighttime rise in serum melatonin was elevated up to fivefold relative to that in the CON group. Peak serum melatonin concentrations occurred in the AM group at 2200 and 18:30 h Figure 3 . Accumulated sums analysis of the circadian pineal and serum melatonin rhythms in constant dark following the last day of treatment. The accumulated sum of mean melatonin concentrations in the pineal gland (left) and serum (right) were plotted over time beginning at 35 h relative to lights off (1100 h of Day 2) using the method described by Maeda and Lincoln (1990) . Onset (up arrow) and offset (down arrow) of the melatonin rhythm in the pineal gland and in circulation were identified by the changes in slope and x-axis intercept of the straight lines fitted through the three main curves for each experimental group. Thus duration of the nighttime melatonin rise was estimated as the time difference between onset and offset of the melatonin rhythm. In some groups, the two major inflections around subjective lights on and off are obscured by the frequency of sampling and concentration scale. See Methods for further details of rhythms analyses.
(Days 1 and 2, respectively), and at 2200 h for PMtreated hamsters on the last day of injection and the next day in constant dark; these peak times were earlier than that in CONs, because serum melatonin peaked at 02:30 h on both days of the study.
Duration of the endogenous increase in circulating melatonin was extended on the last day of melatonin treatment and the next day in constant dark relative to that in CONs. In the AM group, a sustained rise in serum melatonin began at 1900 h (lights off) and then at 18:30 h (before subjective lights off) relative to the daytime baseline or concentrations at the same clock time in CONs (p < 0.05, ANOVA). Because melatonin concentrations returned to baseline by 02:30 h (Day 1) and 03:30 h (Day 2), the duration of increased melatonin in the AM-treated hamsters was 7.5 h and 9 h, respectively. In the PM group, serum melatonin was increased within 1 h of lights off or subjective lights off (at 19:30 and 2000 h on Days 1 and 2, respectively). Considering that the falling phase of the melatonin rhythm occurred by 02:30 h (Day 1) and 0400 h (Day 2), the estimated duration of the nighttime rise was 7 h and 8 h in PM-treated hamsters (Days 1 and 2, respectively). By comparison in the CON group, the estimated duration of increased melatonin was 3 h or more on the last treatment day (0100 h to 0400 h) and approximately 5 h in constant dark (2200 h to 0300 h). Thus, in hamsters that received repeated AM or PM melatonin treatments, the nighttime rise in circulating melatonin was phase advanced and duration extended by up to 4.5 h compared to that in salinetreated controls.
Accumulated sums analysis of the circadian melatonin rhythm. The onset and offset of the circadian melatonin rhythm was indicated by two major inflections in the slope of the line generated by the accumulated sum of mean melatonin concentrations for each treatment group. By this method of analysis, exogenous melatonin did not phase shift or alter the duration of the pineal melatonin rhythm in constant darkness compared to that in controls (Fig. 3, left) . Onset of the rise in pineal melatonin content occurred in each of the three groups by 44 h (2000 h), whereas offset of the rhythm was evident at 51.5 h (03:30 h). This 7.5-h duration for the circadian rhythm, as determined by accumulated sums, was similar to the rise and falling phase in melatonin-treated groups as determined by ANOVA. For CONs, however, variability at 2000 h and 2200 h precluded statistical differences by ANOVA; by this method, duration was estimated to be at least 3 h but less than 6 h.
In circulation, the onset and offset of the circadian melatonin rhythm in saline-treated CONs occurred by 46 h and 51.5 h, that is, 3 h and 8.5 h after subjective lights off, respectively (Fig. 3, right) . In the AM group, Figure 4 . Melatonin content in the pineal gland and concentration in circulation following an acute melatonin injection at Time 0 (1600 h) in adult hamsters in long days (5 ug melatonin/0.2 ml saline s.c.; n = 6 individuals/time). Controls were killed before or after treatment with vehicle (-10, +40, and +180 min, respectively; n = 3-4 individuals/time). Pineal gland uptake of melatonin from circulation following injection was negligible. The apparent half-life of melatonin in circulation was estimated to be 7.5 min during the course of the study. Dashed line indicates the presumptive rise from baseline. When standard errors are not apparent, they are encompassed by the area of the symbol. the nighttime melatonin rise was initiated by 42 h (1 h before subjective lights off), whereas offset occurred by 52 h. For hamsters in the PM group, the steep increase in the accumulated sum occurred from 43.5 to 52 h. Therefore, durations of the nighttime melatonin rhythm for CON, AM, and PM groups were determined to be 5.5 h, 10 h, and 8.5 h, respectively; estimates that were comparable to that found by ANOVA (5 h, 9 h, and 8 h, respectively).
Experiment 2
Clearance of Exogenous Melatonin Subcutaneous injection of melatonin at 1600 h briefly elevated the melatonin content in the pineal gland but by 10 min levels were typical of that found during the day (Fig. 4) . In contrast, within 5 min of the 5 Jlg injection, serum melatonin increased to 40320 ± 4760 pg/ml. The disappearance of melatonin from circulation followed a monoexponential curve with an apparent half-life of 7.5 min in circulation for the 3-h study.
DISCUSSION
The present findings support the hypothesis that daily administration of melatonin influences the biological clock mechanism that controls the circadian melatonin rhythm. In contrast to the lack of substantive effects of acute melatonin treatment on the endo-genous melatonin rhythm (Yellon and Hilliker, 1994) , daily injections of melatonin significantly lengthened the duration and increased the amplitude of the nighttime melatonin rise in circulation. Onset of the serum melatonin rhythm in hamsters given melatonin in the morning and afternoon was advanced by up to 4.5 h compared to that in saline-treated controls (ANOVA and accumulated sums). The phase advance in the serum melatonin rhythm was detected both on the last day of treatment and the next day in constant dark when potential masking influences of light and exogenous melatonin were eliminated. By ANOVA, pineal production of melatonin in constant darkness (Day 2) was also advanced up to 5 h by the AM and PM treatment regimens compared to that in CONs. As previously found, the falling phase of both the pineal and serum melatonin rhythm was resistant to change and consistently occurred in all three groups within 1 h of the expected start of the light period (Yellon et al., 1982) . Thus in long-day hamsters, exogenous melatonin appeared to alter specific clock-mediated characteristics of the rising phase and duration of the melatonin rhythm in circulation and, to an extent, its production by the pineal gland.
These effects of repeated melatonin administration to advance the rise and increase duration of the endogenous melatonin rhythm are consistent with reported consequences of daily melatonin treatments on other circadian rhythms. Daily afternoon melatonin injections induce short daylength responses, which include reproductive regression, phase advances in the onset, and extension in the duration of locomotor activity (Puchalski and Lynch, 1988) . The effects of daily melatonin treatments on activity are predictive of findings in the present report because locomotor activity remains in phase and tightly coupled to width of the pineal melatonin peak following expansion in constant dark or contraction after various light pulse stimuli (Elliott and Tamarkin, 1994) . In the rat, similarly timed melatonin treatments entrain locomotor activity, drinking rhythms Cassone et al., 1993) , and, depending upon photoperiod, phase advance the evening rise in pineal n-acetyl transferase activity (Humlova and Illnerova, 1992) . Evidence in the blind and sighted human also indicates that daily melatonin administration phase advances and entrains the onset of the endogenous melatonin rhythm (Sack et al., 1991 ; Lewy et al., 1992) . Thus the biological clock that generates a variety of circadian rhythms responds to the effects of exogenous melatonin and presumably to the feedback action of endogenous melatonin on its own rhythm. However, apparently similar melatonin rhythm responses to AM and PM injections cannot explain why afternoon treatments eventually induce short-day reproductive responses, whereas morning treatments are without effect.
Another profound effect of melatonin administration was to enhance the amplitude of the melatonin rhythm in circulation. Nighttime serum melatonin concentrations in AM and PM treatment groups were elevated several times over that in controls both on the last treatment day and the next day in constant dark. This effect on amplitude by the serum melatonin rhythm was unrelated to interassay variability or daytime baseline, parameters that were consistent throughout the data set. Nor was amplitude of the nighttime rise in circulation associated with increased production, because there was little indication of a circadian change in peak melatonin content in the pineal gland. Therefore, in addition to the acknowledged role of the clock to control the rhythm in melatonin production, the specific effects on amplitude of the serum melatonin rise by repeated melatonin treatments in the present study raise the possibility that the circadian clock may also regulate secretion of melatonin from the pineal gland.
Precedence for the clock control of melatonin rhythm amplitude is difficult to find in that few studies have simultaneously measured melatonin in the pineal gland and in circulation. Rather, most in vivo experiments that involve melatonin treatments were conducted in pinealectomized animals, to eliminate the endogenous melatonin rhythm, or did not determine circulating melatonin in a manner that could resolve peak amplitude (Woodfill et al., 1994; Bartness et al., 1993; Lewy et al., 1992) . This amplitude effect conflicts with the general view that pineal melatonin synthesis equates directly with secretion, circulating melatonin concentration, and activity of n-acetyl transferase, the rate-limiting enzyme for melatonin production. Although this assumption is likely to be valid during the peak and baseline periods, further focus on the transitional rising and falling phase of the melatonin rhythm is required to elucidate whether production, synthesis, or secretion are differentially regulated.
Evidence to suggest circadian regulation of synthesis and secretion or export of melatonin from pinealocytes is encountered in the present study by particular comparisons between pineal and serum melatonin rhythms and among groups. Although the overall temporal pattern of low baseline levels during the day and high nighttime concentrations of melatonin in circulation reflected the pineal melatonin rhythm, in the AM and PM treatment groups, the rising phase of the serum melatonin rhythm (Day 1 at 1900 h and 19:30 h, Day 2 at 18:30 h and 2000 h; by ANOVA, respectively) occurred, for the most part, in advance of that in the pineal gland (Day 1 at 2200 h, Day 2 at 2000 h). In addition, amplitude of the serum melatonin rhythm was selectively enhanced in hamsters administered melatonin each day relative to the pineal rhythm or the pattern in saline-treated CONs. These conclusions by ANOVA were supported by accumulated sums analysis. For the CON group on Day 2 as well, duration of the serum compared to pineal melatonin rhythm was extended (ANOVA). Thus, during the transition from baseline to the nighttime peak, pineal export of melatonin at the expense of accumulation could augment amplitude and contribute to expansion of duration of the nocturnal melatonin rhythm in circulation. Because duration of the pineal rhythm in melatonin production is considered to be the principle parameter of the rhythm that is regulated by the biological clock, the present data suggests that amplitude of the nighttime rise may also be clock-dependent and responsive to the influence of daily melatonin treatment as well.
A central component of the current working hypothesis for melatonin action is that duration of the melatonin rhythm mediates the effects of photoperiod on various physiological functions (Wayne et al., 1988; Reiter, 1991) . Because the nocturnal rise is directly proportional to the length of night, melatonin conveys information about time of day and season of the year by way of its circadian rhythm in circulation. When a continuous increase in circulating melatonin is interrupted either by repeated exposures to light at night (Hoffmann et al., 1981) or by an intermittent infusion paradigm (Bartness et al., 1993) , reproductive responses are comparable to exposure to long days (abbreviated nights). However, this simplistic interpretation of melatonin duration as a neuroendocrine transducing signal cannot explain how photoperiodic history, that is, melatonin rhythm history, determines the reproductive response to changes in daylength. By example, sheep demonstrate a long-day reproductive response when transferred from a photoperiod of 8 h of light each day (8L) to 13L, but a shift from 16L to 13L produces a short-day reproductive response (Robinson and Karsch, 1987) . Similar findings have recently been reported for the Djungarian hamster (Niklowitz et al., 1994) . Explanation for how repeated afternoon melatonin injections mimic the consequences of exposure to short days also relies on the simplistic view that an uninterrupted increase in circulating melatonin is the principle transducing signal (Stetson et al., 1986) . Exogenous and endogenous melatonin were suggested to summate and extend the duration of the melatonin rhythm in circulation. However, in the present study, a discontinuous increase in serum melatonin occurred following the AM as well as the PM injection. Within 2 h of melatonin administration, serum concentrations were at baseline or below detection (AM < 7.5 h; PM about 1 h) and before the endogenous nighttime rise in pineal or serum melatonin (AM and PM groups were < 7.5 h). Replication of this finding (same melatonin dose injected at midnight) produced initial levels of around 25,000 pg/ml but a similar estimate of half-life clearance from circulation (Yellon, unpublished data) . Thus repeated injection of melatonin each day adds less than 2 h to the overall duration of the daily serum melatonin rhythm, irrespective of the time of day of treatment, and the additional hours are not continuous with endogenous secretion of the hormone.
Generalizing to other melatonin injection studies, the duration of increased melatonin in circulation was likely to have been discontinuous even though shortday responses were induced by afternoon treatment regimens. Rather than reject the duration hypothesis, it is conceivable that the pharmacological levels that follow an injected dose are recognized at the cellular level as a continuous and extended duration (short daylength) when there is a brief intervening baseline period (i.e., PM group) while this same injection paradigm interrupted by longer baseline periods is transduced as a discontinuous or abbreviated long daylength (e.g., AM group). Further study of the cellular mechanism of the action of melatonin in mediating the effects of photoperiod is likely to resolve this controversy In summary, the present study provides evidence to suggest that daily melatonin treatments influence the biological time-keeping mechanism that controls the circadian melatonin rhythm and photoperiodic time measurement.
